Excited levels of 128 Te to 3.3 in MeV excitation have been studied using γ-ray spectroscopy following inelastic scattering of accelerator-produced neutrons. Spectroscopic information, including transition energies, level spins, E2/M1 multipole-mixing ratios, and γ-ray branching ratios, was determined from γ-ray excitation functions measured from E n = 2.15 to 3.33 MeV in 90 keV increments, γ-ray angular distributions measured at E n = 2.2, 2.8, and 3.3 MeV, and γγ coincidences measured at E n = 3.6 MeV. Lifetimes of levels in 128 Te were deduced using Doppler-shift attenuation techniques. Absolute transition probabilities were determined for many levels and compared to interacting boson model and particle-core coupling model calculations to identify few particle and collective structures; states exhibiting the decay characteristics expected for two-phonon, mixed-symmetry, and quadrupole-octupole coupled states are identified.
The structure of the tellurium nuclei has been the subject of many investigations .
The ratio of E(4 [2] . The observation of such well-defined, phonon structures at low excitation energies has led to the prediction of higher-lying collective structures, including mixed-symmetry (MS) excitations, in which the neutron and proton contributions are distinguishable [36] , and quadrupole-octupole coupled (QOC) excitations formed by the coupling of the normal one-phonon 2 features of moderately deformed nuclei [28] .
In addition to its importance for investigating collective nuclear excitations, 128 Te is one of only a handful of nuclides in which double β decay has been identified [38] [39] [40] . Nuclear matrix elements connecting initial and final states are important input for calculating double β-decay rates and current model calculations are not in agreement [41] . Detailed nuclear structure information on low-spin states in 128 Te may prove helpful in constraining these calculations.
To investigate collective and few-particle structures in 128 Te and to provide detailed structural information on low-lying levels, especially level lifetimes important for both nuclear model comparisons and for double β-decay calculations, a series of measurements using γ-ray detection following inelastic neutron scattering has been performed. The experimental techniques and data reduction procedures used in these (n,n ′ γ) measurements are discussed in Sec. II; level properties of states requiring special attention are given in Sec. III; model calculations along with experimental comparisons are the topic of Sec. IV; and special collective and few-particle structures are discussed in Sec. V. Finally, our conclusions are presented in Sec. VI.
II. EXPERIMENTAL METHOD AND DATA ANALYSIS
Measurements were performed using the neutron production and γ-ray detection facilities at the University of Kentucky 7 MV electrostatic accelerator laboratory (http://www.pa.uky.edu/accelerator/) The 3 H(p,n) 3 He reaction was used to produce monenergetic neutrons. The sample used for all singles measurements consisted of two non-uniform ingots isotopically enriched to 98.08% in 128 Te. The two ingots were placed together in a nearly cylindrical configuration and enclosed in a sealed plastic bag. The "diameter" of the scattering sample was 2.2 cm in one direction and 1.5 cm in the other, while the height of the sample was 4.3 cm. Suture thread was used suspend the sample. Gamma-gamma coincidences were measured at an incident neutron energy of 3.6 MeV.
Neutrons emerging from the Tritium-containing gas cell were formed into a 1 cm "beam"
by a lithium-loaded collimator approximately 75 cm in length. The experimental arrangement is discussed in detail in Ref. [42] . A natural Te sample was hung coaxially with the beam, and four 50 to 55% efficiency HpGe detectors were placed in a co-planar arrangement approximately 6 cm from the center of the sample. Data were stored in event mode, and a 2-dimensional matrix was constructed off line by considering pair-wise coincidences.
Portions of gated coincidence spectra are shown in Fig. 1 . respectively. These γ rays were adopted [48] as arising from the same level at 2133.3 keV; the excitation functions, in addition to γγ coincidence data, show that the former γ ray decays into the 2133.3-keV level.
Gamma-ray singles measurements were used to measure γ-ray excitation functions, angular distributions, and Doppler shifts. Gamma rays were detected with a Compton-suppressed n-type HpGe detector with 51% relative efficiency and an energy resolution of 2.1 keV FWHM at 1.33 MeV. Compton suppression was achieved using a BGO annular detector surrounding the HpGe detector. The gain stability of the system was monitored using 226 Ra and 152 Eu radioactive sources. The neutron scattering facilities, TOF neutron background suppression, neutron monitoring, and data reduction techniques have been described elsewhere [42, 43] .
Gamma-ray excitation functions were measured at incident neutron energies between 2.15 and 3. 33 MeV in approximately 90-keV steps. The thresholds and shapes of the excitation functions were used to identify new levels and to place γ rays in the level scheme. For example, the differences in thresholds of the two γ rays shown in the bottom two panels of Fig. 2 show clearly that the 323.5-and 636.3-keV γ rays do not originate from the same level. Close examination of the excitation function for the latter reveals a second threshold arising from feeding from the 2456.7-keV level by the 323.5-keV γ ray. The shapes of the excitation functions can also contribute to the determination of level spins, as can the angular distributions as discussed below. In this procedure, the yields from the γ-ray excitation function measurements were corrected for γ-ray detection efficiency and were normalized to yields from the neutron monitor, whose yields were corrected for efficiency as a function of neutron energy in order to obtain relative γ-ray production cross sections. A normalization appropriate for interpreting cross sections was obtained by comparing statistical model calculations and experimental cross sections for 0 + levels. These relative cross sections were then compared to theoretical values calculated with the statistical model code CINDY [44] , using optical model parameters for this mass and energy region [45] . The top panel of Table I . Differences between calculations and experimental data indicate either missing decay strength, which affects the branching ratios, or states not adequately represented by a statistical interpretation. Gamma rays below about 140 keV were not detected because of the limits of the experimental detection efficiency in these measurements and contribute to the missing strength.
Gamma-ray angular distributions were measured at incident neutron energies of 1.7, 2.8, and 3.4 MeV. Level spins and multipole-mixing ratios can be deduced by comparing the measured angular distributions with calculations from the statistical model code CINDY [44] as discussed previously [31] . Sample γ-ray angular distributions are shown in Fig. 3 . Figure   3c is an example of the χ 2 versus tan −1 (δ) used to assess the spin and multipole-mixing ratio for the transition shown in Fig. 3a . Often, two solutions for δ give similar values of χ 2 ; the value of δ with the smaller χ 2 is included in the table unless the state is discussed further in the paper, in which case both solutions are listed in Table I . Branching ratios were derived from the angular distribution data at the lowest incident neutron energy possible, unless otherwise noted.
Level lifetimes were extracted using DSAM following inelastic neutron scattering [46] . tan −1 δ curve used to obtain the multipole-mixing ratio for the transition in panel (a) is shown.
Two solutions for the multipole-mixing ratio for spin J=2 are suggested. Gamma-ray angular distributions for ground-state transitions from the 3105.2-keV (J=1) and the 2891.5-keV (J π =2 + ) levels are shown in panels (c) and (d), respectively.
Experimental lifetimes and unshifted γ-ray energies were found using the expression:
where E γ (θ) is the γ-ray energy as a function of laboratory angle θ, E o is the unshifted γ-ray energy, F(τ ) is the experimental Doppler-shift attenuation factor, v cm is the velocity of the recoiling nucleus in the center-of-mass, and c is the speed of light. Lifetimes were determined by comparing experimental and theoretical Doppler-shift attenuation factors, F(τ ), calculated using the stopping theory of Winterbon [47] . Mean lifetimes in the range of a few fs to approximately 2 ps were determined in this experiment. The Doppler shifts for γ rays, as well as theoretical F(τ ) calculations for the 2719-keV γ ray, are shown in Fig. 
4.
Level energies, γ-ray placements, branching ratios, spin and parity assignments, multipole-mixing ratios, F(τ ) values, lifetimes and transition rates for all observed levels and transitions are given in Table I . New levels and transitions are noted by an n in the note column of Table I , while adopted levels and transitions [48] are indicated by an a.
Transition-rate uncertainties given in Table I include the statistical uncertainties in the level energies, the branching ratios, the multipole-mixing ratios, and the lifetimes. A systematic uncertainty of 10% is estimated for the lifetimes extrapolated using the Winterbon stopping theory [43] ; however, this uncertainty is not included in the transition rate uncertainties in Table I . Systematic uncertainties from the energy calibration of ∆E=0.2 keV for 0≤E γ ≤500 keV, ∆E=0.05 keV for 500<E γ ≤2000 keV, ∆E=0.1 keV for 2000<E γ ≤3000
keV, and ∆E=0.5 for E γ ≥3000 keV are included in the uncertainties of the γ-ray energies.
III. LEVEL DISCUSSION
Discrepancies between new information regarding levels and transitions in 128 Te and adopted values are explained in this section. Adopted levels [48] (n,n ′ γ) measurements [30] . The J=2 spin assignment consistently represents these new data, but the J=3 assignment cannot be rejected.
2133.3-keV 5
− level. This level is adopted with decay γ rays of 322.3 and 636.3 keV [48] . The latter placement is confirmed in this work, while the former is an observed γ ray from a new level at 2457.7 keV that is observed in coincidence with the 636.3-keV γ ray.
Excitation functions for the 323.5 and 636.3-keV transitions are presented in Fig. 2 that show the different thresholds for these two γ rays. (+) level. This level has an adopted spin and parity of J π =1,2 + and an adopted de-exciting 249.2-keV γ ray [48] . Comparisons of the excitation functions for transitions from this level with CINDY calculations support the J=1 spin assignment, although both J=1,2 are allowed from the angular distributions. The tentative positive-parity assignment comes from the systematics of the lowest 1 + levels across the Te isotopic chain. The excitation function of the 249-keV γ ray observed in this work has a higher threshold and is observed in the 314-keV coincidence gate; it is assigned as de-exciting the 2587.3-keV level.
2217.9-keV 1

2404.9-keV 4
+ , 5, 6 + level. This is an adopted level with 594-and 908-keV de-exciting γ rays [48] . Gamma rays with these energies are seen in this work in the appropriate coincidence gates; but the 594-keV γ ray is in a region containing several background lines, and a much stronger 908-keV γ ray is associated with a level placed at 3101 keV in this work. The excitation function for the 908-keV γ ray exhibits no yield below 3 MeV, which 5.0 
3150.80 (20) (20) 2397 61(2) c See individual level discussion for this level.
d Doublet e Branching ratios from excitation functions.
g Doublet intensities split using coincidence yields.
k Calculations show strength is probably missing from this level.
m Branching ratios not consistent with CINDY calculations.
n New transition.
r Reference [48] .
u Summed angle data.
v Assignment based on coincidence data only.
Weisskopf units are defined in the following way for all tables,
indicates that the role of this γ ray in the de-excitation of a level at 2404.9 keV must be very small. Both transitions are labeled as tentative in Table I . assigned from coincidence data and summed angle data only. The stronger component of the 526-keV γ rays is assigned to the 2338.5-keV level. The contributions of the 526-keV γ rays were split between the two levels by using integrations obtained from the summed angle data at 3.3 MeV.
2487.4-keV 4
2571.7-keV 5
− level. This level is adopted with 175.3-, 437.9-, and 1074.1-keV de-exciting γ rays [48] . A 1074.3-keV γ ray is observed in this work with a higher threshold and is assigned to the 2885.0-keV level. Additionally, a new 760.2-keV γ ray is assigned to this level.
2599.2-keV 5
This is an adopted level with de-exciting γ rays of 193.5, 787.9, and 1101.8 keV [48] . A 787.5-keV γ ray is seen in all of the coincidence gates consistent with this placement, but nothing further can be determined because of the doublet nature of the peak. The 193.5-keV γ ray is not observed and a weak 1101.1-keV γ ray is observed but cannot be placed as de-exciting this level, as it is not observed in the 753-keV coincidence gate.
2630.3-keV 3
+ level. Gamma rays of 1132.9 and 1886.9 keV de-exiting this level are adopted [48] . The 1887.1-keV γ ray is observed in this work and is assigned to this level;
however, the 1132.6-keV γ ray observed in these new data has a higher threshold and is assigned as de-exciting the 3101.4-keV level.
2655.4-keV level.
This level is adopted with de-exciting transitions of 249.7 (tentative), 844.0, and 1158.2 keV [48] . The 249-keV γ ray is assigned de-exciting a different level in this work. Gamma rays of 843.9 and 1158.3 keV are observed in the appropriate gates to be assigned as de-exciting this state, but background and poor statistics prohibit any further details from being determined, and only a tentative assignment is made. The 1158.2-keV γ ray is also observed in the 314-keV gate which indicates that it is a doublet.
2706.8-keV 1 level.
An 1186.7-keV γ ray is adopted as de-exciting this level [48] . A peak with similar energy is observed with a higher threshold and is attributed to the decay of the 2998.1-keV level in this work. The angular distribution of the transition to the ground state unambiguously limits the spin of this level to J=1.
2712.4-keV 1,(2,3) level.
Observed γ rays of 1192.6 and 1969.0 keV agree with the adopted transitions de-exciting this level [48] . The adopted transition to the ground state, however, is not observed in this work, even in the summed angle data. Branching ratios are listed for the two strong γ rays only; these are in good agreement with the relative intensities of the adopted values [48] . The preferred level spin is J=1, provided that these two transitions account for almost all of the excitation strength.
2762.0-keV 4
Two γ rays are adopted de-exciting this level [48] . Only the 357.2-keV transition is observed in the summed angle data, and it can only tentatively be placed as de-exciting this level. 3067.1-keV 3 level. The 1547.0-and 2323.9-keV γ rays are adopted as de-exciting this level [48] , and three new de-exciting transitions are reported here. The 1099.3-keV γ-ray placement is based on a strong peak in the 1225-keV γγ coincidence spectrum and is labeled as tentative since the excitation function and the angular distribution data exhibit a strong background contribution at this energy. The 873.2-and 1570.6-keV γ rays are also new assignments of de-exciting transitions.
2912.8-keV 4
3139.9-keV 3 level.
This new level is observed to decay by four de-exciting transitions.
The 645.8-keV γ ray is tentative as it cannot be verified in the γγ coincidence data unambiguously. This is a result of isotopic contaminants in the sample.
IV. MODEL CALCULATIONS A. Overview
The excited levels of 128 Te exhibit several features characteristic of vibrational nuclei.
For example, the ratio E(4 [20] . The difference is attributed to the energies of the 4p-2h configurations in these nuclei. The 0 + 2 level energy is significantly higher than is expected for a two-phonon state, but Lopac [2] , using a two-particle plus vibrational model, was able to describe the increased energy of this level from the two-phonon region without including intruder configurations.
The three-quadrupole phonon quintuplet should lie at about 2. (IBM-1 and IBM-2), the analytic U(5) limit of the IBM-2, and the particle-core coupling model (PCM). Calculated IBM and PCM transition rates are presented in Table III, while the U(5) analytic values, which were used only as a guide in identifying states with twophonon MS character, are given in Table VII . In both tables, experimental values are included for comparison.
B. IBM Calculations
IBM-1: U(5) Model Calculations
The IBM-1, in which neutron and proton motion is indistinguishable, has recently been used to examine in detail systematics across the Te isotopic chain [34, 35] . The excitation energies of the lowest positive-parity levels in the Te isotopes and a limited set of electromagnetic transition rates for these nuclei were investigated in each of these studies, as well as two-neutron separation energies in Ref. [34] . The model parameters obtained were mapped onto the IBM symmetry triangle in Ref. [34] to show that 128 Te was best described within the U(5) vibrational limit of the model. The same conclusion was obtained in Ref.
[35] in their investigation of the Z=52 and Z=54 isotopes. In this report, we compare new experimental data with IBM-1 calculations using PHINT [55] ; the reader is referred to Refs.
[ 35, 55] ). Level energies calculated using these parameters are shown in Fig. 5 and the parameters used are given in Table II . The experimental levels in Fig. 5 states, as well as their energies, which supports these levels as members of the two-and three-phonon multiplets, respectively, in agreement with Ref. [20] . The energy of the 4 + 1 level is well represented by the model, but its lifetime has not been measured so its structure cannot be further assessed. The structure of the first six 2 + levels has previously been discussed in Ref. [33] . In that reference, the 2 [3, 20, 21] . The experimental 6 + 2 level is only tentatively identified and no lifetime was determined, which prevents further assessment of its structure. In summary, for the IBM-1, the model does allow an unambiguous identification of some levels as two-and three-phonon states, but some observed states appear more complex than can be explained by the model. Further, the model does not predict as many low-lying positive-parity levels as are observed experimentally.
IBM-2: Normal and Intruder Model Calculations
A comprehensive study of the even-even Te nuclei was completed by Rikovska et al. [19] using the IBM-2 in which neutron and proton motion is distinguishable, both with and without intruder-state mixing. These calculations revealed highly-mixed intruder excitations in 116−124 Te with low excitation energies that had signatures identifiable in the experimental data; for example, in 122 Te, an emerging intruder band was observed [32] . For the heavier Te isotopes, however, mixing calculations did not better represent the experimental data available at that time. These IBM-2 calculations for 128 Te (N π =1,N ν =3) , both with and without intruder-state mixing, have been repeated using the Hamiltonian, model parameters, mixing procedure obtained from the text and figures of Ref. [19, 56] , and the code NPBOS The PCM calculations are new, while the IBM-1 and IBM-2 calculations were originally reported in Ref. [35] and Ref. [19] , respectively. The levels are separated into quasi-bands based only on their order of appearance in energy.
[57]. Model parameters used in both sets of calculations are given in Table IV and labeled normal and intruder, respectively.
Calculations with intruder-state mixing were not found to improve the agreement between model and new experimental energies for low-lying states, since the first IBM-2 state with a significant intruder configuration (≈90%) was the 0 + 3 level calculated to occur near 2.6 MeV. The high level density in this region prohibited a clear identification of experimental intruder levels, similar to that observed in 126 Te [31] . No decays were observed into either the 0 + 3 or 0 + 4 levels, which would be expected if these states are intruder band heads [19] . The calculated 0 Electromagnetic transition rates were calculated using the effective charges listed in Table   IV and g-factors of g π =0.700 µ N and g ν =0.150 µ N from Ref. [19] . Results from the IBM-2 calculations are given in for the levels in Fig. 5 , there was not a significant change in electromagnetic transition rates.
IBM-2 U(5): Two-phonon MS states and overlap integrals
B(M1) and B(E2) values were calculated using the U (5) Additionally, the overlap of the IBM-2 wave functions from the calculations discussed above with the analytic U(5) wave functions was examined for the lowest levels to see which IBM-2 states contained the MS strength and which states contained the 1-, 2-, and 3-phonon normal collective strength within the model; these overlaps are given in Table V. The U(5) wave functions were calculated using NPBOS with κ≈0, C 0ν =C 2ν =C 4ν =0, and the procedure discussed in Ref. [60] . The overlaps indicate that the IBM-2 0 The 128 Te nucleus has been investigated previously with several models that include both particle and collective degrees of freedom [2, 21, 22, 61, 62] . We examine 128 Te levels using the code PPCORE [26, 61, 63] in light of our new experimental information. The PCM Hamiltonian, model parameter definitions, and electromagnetic transition operators are described in detail in Ref. [63] . Parameters specific to our calculations for 128 Te are given in Table VI , and model energies for low-lying, positive-parity levels are shown on the left side of Fig. 5 in comparison to experimental values. Techniques used to determine the best parameter set are described in Ref. [32] .
Parameters which affect the B(E2) values are the stiffness parameter, C 2 , and the effective charge, e ef f , of the valence nucleons. The value of C 2 was determined from β 2 ,hω 2 , and the expression for C 2 given in Ref. [63] . The adjustable parameters for M1 transitions in the PCM are g l , g s , and g R , which are the orbital, spin, and core gyromagnetic ratios.
The value of g s and g R were kept fixed at Table III , and the model appears to better represent the structure of 128 Te than does the IBM-2, at least with the IBM-2 parameter set used.
V. SPECIAL COLLECTIVE AND FEW-PARTICLE STRUCTURES
A. Mixed-symmetry states
One-phonon mixed-symmetry states
The experimental 2 [65] . Both the 1968.5-keV and 2193.5-keV levels are considered to have fragmented MS strength in the assessment of higher-lying MS levels discussed below. 
Two-phonon mixed-symmetry states
The coupling of the lowest 2 specifically, by observed decays into one or both of the the 2 + 1,M S levels, and by comparisons to reduced transition probabilies calculated using analytic expressions from the U(5) limit of the IBM-2 from Ref. [59] , which are given in Table VII state is tentative. The maximum B(E1) for the ground-state transition for this level is more than a factor of three smaller than that predicted by QPM calculations for the 1 − QOC state [25] . Based on the very systematic behavior of the energy [25, 70, 74] of the 1 − QOC state in nearby isotopic chains, the 3185.6-keV level is, however, the best candidate, as it lies about 50 keV below the E(2 + 1 )+E(3 − 1 ) energy. Clearly, the parities need to be determined for these levels.
QOC 3
− state: The 3139.9 keV J=3 level has a tentative decay into the 3 − 1 state and is the best candidate for the 3 − QOC state. This level is also observed to decay into both of the 2 + 1,M S levels. Unfortunately, no lifetime was obtained for this level and so it was not possible to make the comparison with important transition rates. The octupole excitation strength was observed in proton scattering measurements [4, 7] to be split between levels at 2490 (10) keV and 3160 (20) keV in 128 Te ; the octupole strength of the higher 3 − state was observed to be 25% of the 3 − 1 [7] . The results from those dated proton scattering measurements support the negative-parity assignment of this level and its QOC character, provided the level seen at 3160 (20) keV corresponds to the 3139.9-keV level observed in the (n,n ′ γ) measurements.
The coincidence gate set on the 3 
VI. SUMMARY
The level scheme and decay characteristics of levels in 128 Te to 3.3 MeV in excitation have been investigated using the (n,n ′ γ) reaction. Forty-four new levels and approximately ninety new transitions were identified. Additionally, branching ratios, multipole-mixing ratios, spins, and lifetimes were deduced for many transitions and states from γ-ray excitation functions, angular distributions, γγ coincidences, and Doppler shifts.
The low-lying positive-parity levels in 128 Te were compared to IBM-1, IBM-2, and PCM calculations. Intruder states were investigated by comparing experimental levels with calculations performed using the IBM-2 with intruder-state mixing. These calculations revealed that the intruder states were predicted relatively high in energy and could not be easily identified in the data. IBM-2 calculations reproduced the energies and spins of many low-lying states, as did the IBM-1 calculations, but with less success than the PCM calculations. The PCM model also better described the observed electromagnetic transition rates, as long as g l was reduced from the free-proton value.
Levels were found that exhibited some two-phonon MS characteristics for the full quintuplet of states formed from 2 keV below the expected energy, which is unusal for nuclei in this mass region. The other candidate is at about the expected energy, but its decay characteristics are not consistent with those expected for QOC states. The only other QOC state candidate is a J=3 state at 3139.9 keV. Candidates for other members of the quintuplet were not identified, as they may be higher than 3.3 MeV in excitation energy.
Finally, 2qp 1 + and 5 − excitations were examined with PCM model calculations and by looking at excitations in odd-mass Te isotopes. The former can be well explained by a model that includes two proton particles coupled to a collective vibrational core. The 5 − state, which was previously identified as predominantly a two-neutron excitation, is not well described by PCM calculations. Additionally, this 5 − level was found to be very important in the decay of higher-lying states, which appear to be few-particle excitations based on their lifetimes and decay properties.
